Human R183H-GH causes autosomal dominant GH deficiency type II. Because we show here that the mutant hormone is fully bioactive, we have sought to locate an impairment in its progress through the secretory pathway as assessed by pulse chase experiments. Newly synthesized wild-type and R183H-GH were stable when expressed transiently in AtT20 cells, and both formed equivalent amounts of Lubrol-insoluble aggregates within 40 min after synthesis. There was no evidence for intermolecular disulfide bond formation in aggregates of wild-type hormone or the R183H mutant. Both wildtype and R183H-GH were packaged into secretory granules, assessed by the ability of 1 mM BaCl 2 to stimulate release and by immunocytochemistry. The mutant differed from wildtype hormone in its retention in the cells after packaging into secretory granules; 50% more R183H-GH than wild-type aggregates were retained in AtT20 cells 120 min after synthesis, and stimulated release of R183H-GH or a mixture of R183H-GH and wild-type that had been retained in the cell was reduced. The longer retention of R183H-GH aggregates indicates that a single point mutation in a protein contained in secretory granules affects the rate of secretory granule release. (Endocrinology 143: 4243-4248, 2002) 
N EUROENDOCRINE CELLS STORE protein hormones
in concentrated forms in dense cores of secretory granules, with the result that large amounts of hormones are available for rapid release when needed. The protein hormones in the dense cores are so concentrated that they may be isolated from granules as insoluble aggregates (1, 2) . Some protein hormones are proteolytically cleaved to mature forms in addition to being concentrated in granules, but for others the process is simpler. Prolactin (PRL) and GH are monomeric proteins that are not proteolytically processed or covalently modified in any way during concentration into granules (3, 4) . Aggregation appears to be a primary step in the formation of secretory granules containing PRL or GH, based on the morphology of the secretory pathway of PRLproducing cells in lactating rats (5) . PRL aggregates are detected before secretory granules start to form, scattered throughout the trans-Golgi complex. The trans-Golgi cisternae then appear to be consumed completely by budding of many small vesicles, too small to contain the relatively large aggregates of PRL. Secretory granules form as extraneous membrane and soluble material are removed, leaving behind the aggregates as the contents of secretory granules.
Although the formation of aggregates of GH or PRL is likely to be an essential early step in the formation of secretory granules, other events must occur as well. Membrane proteins necessary for proper transport and regulated exocytosis of the granules must be appropriately located in the vesicles that contain hormone aggregates. Some secretory granule membrane proteins are necessary for regulated exocytosis, such as synaptotagmin, which is the major Ca 2ϩ sensor responsible for regulated release (6) , and synaptobrevin, also referred to as VAMP, which is a constituent of the fusion complex responsible for exocytosis (7) . These proteins are not located exclusively in membranes of secretory granules but are also found in synaptic vesicle-like microvesicles found in neuroendocrine cells. There are other proteins, such as ICA512 (also called IA-2) and phogrin, which preferentially localize in membranes of dense core secretory granules (8 -12) . Their function is not well understood, although ICA512 is thought to play a role in the proper transport of the granules (13) .
Human R183H-GH is a mutant that causes familial isolated autosomal dominant GH deficiency (type II) (14, 15) . Deladoey et al. (16) have demonstrated that an individual with this mutation does have releasable GH stores, but release is severely impaired. We show here that aggregates of R183H-GH are retained longer than those of wild-type GH when these proteins are expressed in AtT20 cells, so that secretory granules containing R183H-GH are not as effectively exocytosed as those containing wild-type hormone.
Materials and Methods

Vectors for transfection
Human GH cDNA was a gift from Drs. Frances DeNoto and Brian West (University of California, San Francisco, CA) and was cloned into pcDNA3 (Invitrogen, Carlsbad, CA) by adding XhoI and HindIII sites by PCR with primers as previously described (17) . Arginine 183 was mutated to histidine using the technique of Ho et al. (18) , with primers 5Јccctccacagagtggcactgc3Ј and 5Јatcgtgcagtgccactctgtg3Ј. The mutation was confirmed by sequencing in the W. M. Keck Foundation Biotechnology Resource Laboratory at Yale University (New Haven, CT). Abbreviation: PRL, Prolactin. 3 , and 5% horse serum (Central Biomedia, Inc., Irwin, MO); incubation was for 10 min unless otherwise indicated. During the chase period, cells were incubated with DMEM, plus 2 mm cysteine, 2 mm methionine, 10 mm HEPES, 10 mm 2[Nmorpholino]ethane sulfonic acid (MES), 4 mm NaHCO 3 , and 15% horse serum. Solutions used for these incubations were equilibrated in a 5% CO 2 atmosphere before use. For analysis at each time point, medium and cells were collected and cells dissolved in 0.32 m sucrose; 1.5% Lubrol; 0.5% BSA; 10 mm sodium phosphate buffer, pH 7.0; 100 g/ml phenylmethylsulfonylfluoride; 1 g/ml aprotinin; and 2.5 g/ml pepstatin, and then centrifuged at 50,000 ϫ g for 1 h at 4 C. The pellet was resuspended in lysis buffer and immunoprecipitation followed by gel electrophoresis carried out as previously described (19) . The amount of 35 S-protein in the supernatant, pellet, and medium was quantified after gel electrophoresis using a Molecular Imager (Bio-Rad Laboratories, Inc., Hercules, CA). In the experiments to assess intermolecular disulfide bond formation or release induced by BaCl 2 , cells were resuspended in lysis buffer directly, with or without reducing agents, followed by immunoprecipitation and gel electrophoresis.
Pulse chase procedures
Antiserum to human GH for immunoprecipitation and immunocytochemistry was from the NIDDK National Hormone and Pituitary Program and A. F. Parlow.
Immunocytochemistry
Cells were grown on glass coverslips as described above and then fixed in 2% formaldehyde and 120 mm sodium phosphate buffer, pH 7.4. The primary antiserum was rabbit antihuman GH, and the secondary antiserum goat antirabbit antibody conjugated to Texas Red (Molecular Probes, Inc., Eugene, OR). Confocal microscopy was performed on a Carl Zeiss (Jena, Germany) LSM 510 microscope at the Yale University Center for Cell Imaging.
Bioassay and immunoassay
The human GH bioactivity in the samples of media taken from wildtype or the R183H GH transfected GH 4 C 1 cells was determined by the MTT [3-(4,5,-dimethylthiazol-2-yl)-2,5,-diphenyltetrazolium bromide], colorimetric assay for cell proliferation (20) using a BaF/B03 clonal cell line (BaF-B2B2) stably expressing around 7400 human GH receptors per cell (21, 22) . Cells grown to 70% confluence in Roswell Park Memorial Institute 1640 medium supplemented with 10% serum supreme and 100 ng/ml human GH were washed with PBS before being resuspended at 8 ϫ 10 5 cells/ml in bioassay media (Roswell Park Memorial Institute 1640 medium supplemented with 0.5% serum supreme). Fifty microliters of cells were added to100 l of serially diluted sample media from either wild-type or R183H GH in a 96-well microtitre plate. Each point was performed in sextuplicate. The plate was incubated for 18 h at 37 C and 5% CO 2 , and then MTT [3-(4,5,-dimethylthiazol-2-yl)-2,5,-diphenyltetrazolium bromide] was added at a final concentration of 1 mg/ml for a further 3 h incubation under the same conditions. The cells were lysed with 120 l of isopropanol and, after 15 min color development, the absorbance was read at 595 nm using a Bio-Rad Laboratories, Inc. microplate reader. The bioactivity was determined from the ED 50 calculation for each sample using Microsoft Corp. (Redmond, WA) Excel and DeltaGraph data-processing software packages. Samples were assayed on four separate occasions.
Immunoreactivity of human GH in each sample was determined using the human GH RIA kit from the National Hormone and Peptide Program as instructed, using serial dilutions of medium, with media blanks diluted in parallel. After bound/free separation, bound counts were measured in an LKB 1277 ␥-counter (Vienna, Austria), and unknown concentrations were derived from the standard curve using DeltaGraph data processing software. Samples were assayed independently, four times.
Statistics
The data presented are the mean of three or more independent experiments. Significant differences were determined by ANOVA, followed by Neuman-Keuls posttest.
Results
Human GH expressed in AtT20 cells was soluble in Lubrol immediately after synthesis, assayed after a 10-min incubation with 35 S-amino acids, but became insoluble with time ( Fig. 1) . Forty minutes after synthesis, an average of 41% of total 35 S-GH (intracellular plus extracellular) was insoluble in Lubrol, similar to results obtained previously (19) . By 120 min, over half of 35 S-GH was secreted, and 23% remained in the cells in a Lubrol-insoluble form. Newly synthesized R183H-GH was also soluble immediately after incubation with 35 S-amino acids and also became insoluble with time (Fig. 1) ; 40 min after synthesis, an average of 49% of the total 35 S-R183H-GH was insoluble in Lubrol. R183H-GH differed from wild-type GH in that it was not secreted from the cells as rapidly, particularly the Lubrol-insoluble form; 120 min after synthesis, 38% of the 35 S-R183H-GH still remained in the cells in a Lubrol-insoluble form compared with 23% of the FIG. 1. Newly synthesized wild-type or R183H-GH in transfected AtT20 cells. A, Immunoprecipitation followed by gel electrophoresis of 35 S-GH immediately at the end of a 10-min incubation with 35 Samino acids (0 min of chase) or 40 min after synthesis (40 min of chase), in cells transfected with wild-type GH (wild-type) or R183H-GH (R183H). Cells were lysed in Lubrol buffer and centrifuged as described in Materials and Methods. S, Supernatant of cell lysate; P, pellet of cell lysate; M, medium. B, 35 S-GH in transfected AtT20 cells at times after incubation with 35 S-amino acids. Top, 35 S-GH secreted into the medium as a percent of total 35 S-GH in the culture. Bottom, 35 S-GH insoluble in Lubrol as a percent of total 35 S-GH in the culture. Squares, Wild-type GH; circles, R183H-GH. *, P Ͻ 0.05 for R183H-GH compared with wild-type hormone.
wild-type hormone. R183H-GH was stable, as was wild-type GH, for at least 2 h after synthesis (Fig. 2) . Cells transfected in the same experiment with equal amounts of DNA usually synthesized approximately equal amounts of wild-type or mutant hormone. In the series of experiments in which we performed pulse chase procedures, the mean amount of 35 S-R183H-GH synthesized was 126 Ϯ 44% (mean Ϯ sd) of the amount of wild-type hormone. The amounts of mutant and wild-type hormone in the medium after incubating overnight with 35 S-amino acids were also approximately the same; the accumulation of 35 S-R183H-GH was 102 Ϯ 22% of 35 S-wild-type GH.
The Lubrol-insoluble aggregates of R183H-GH appeared to form in the same manner as those of wild-type GH because formation of each aggregate was affected to the same extent by several conditions. Incubation at 15 C prevents transfer of newly synthesized proteins from the endoplasmic reticulum to the Golgi complex (23) . Incubating AtT20 cells transfected with wild-type or R183H-GH at 15 C after the incubation with 35 S-amino acids reduced conversion of newly synthesized wild-type and mutant hormone to the Lubrol-insoluble form to the same extent (Fig. 3) . Incubation at 20 C causes accumulation of material in the trans-Golgi region and prevents vesicle budding from that region and further transport (24) . Incubating AtT20 cells transfected with wild-type or R183H-GH at 20 C after the incubation with 35 S-amino acids also reduced conversion of wild-type and mutant hormone to the Lubrol-insoluble form, but not to the extent that incubation at 15 C did (Fig. 3) . These results suggest aggregation of both mutant and wild-type hormone occurs after transport from the endoplasmic reticulum, and some occurs in the trans-Golgi region. Bafilomycin A1 inhibits vacuolar adenosine triphosphatases and therefore neutralizes acidic compartments in cells (25) . We previously found that an acidic pH in the secretory pathway was not necessary for aggregation of rat PRL in GH 4 C 1 cells, although an acidic pH facilitated aggregation formation (19) . Human GH expressed in AtT20 cells behaved in a similar fashion because addition of bafilomycin A1 after the incubation with 35 S-amino acids caused no significant reduction in the amount of Lubrolinsoluble aggregate that formed 40 min later, although there was an inhibition of secretion (Fig. 4) . The effect of bafilomycin A1 on formation of Lubrol-insoluble R183H-GH and secretion was similar (Fig. 4) .
Staining the transfected AtT20 cells by immunohistochemical techniques indicates that wild-type and R183H-GH were found in similar locations in the cells in small discrete patches near the plasma membrane and concentrated in the processes (Fig. 5 ). This pattern of localization is found in AtT20 cells with transfected proteins stored in secretory granules (26) . BaCl 2 , 1 mm, stimulated release of wild-type GH from AtT20 cells 2 h after its synthesis, which is also consistent with a location in secretory granules (Fig. 6, left panel) . Release of R183H-GH was stimulated, although to a lesser extent than that of wild-type hormone. Most newly synthesized hormone in cells incubated for only 10 min with 35 S-amino acids is secreted from the cells relatively rapidly (Fig. 1) . To increase the amount of labeled hormone in the retained stores, cells were incubated with 35 S-amino acids for 4 h, then incubated for 2 h in the absence of 35 S-amino acids to allow hormone that was not well retained to be released. Stimulation of release of 35 S-GH that had been retained in the cells for up to 6 h after synthesis was then examined (Fig. 6, right  panel) . BaCl 2 stimulated GH release significantly from those cells transfected with wild-type hormone alone (Fig. 6, right  panel) ; stimulation of secretion from cells transfected with a mixture of half wild-type hormone and half R183H-GH or those transfected with R183H-GH alone was significantly less. We did not find the total amounts that accumulate in the medium overnight significantly reduced, as described above, but the amounts that are retained in cells are a very small proportion of the total synthesized. Therefore, although release of this set of granules is reduced, it is not a sufficiently large effect to affect the total secretion significantly.
R183 is adjacent to C182, which forms a disulfide bond with C189, raising the possibility that incorrect cysteine pairing could explain the secretory defect. However, R183H-GH did not form intermolecular disulfide bonds during aggregation to any greater extent than wild-type GH. Forty minutes after incubation with 35 S-amino acids, when wild-type and R183H-GH have formed aggregates, 35 S-GH was immunoprecipitated and gel electrophoresis under reducing and nonreducing conditions performed (Fig. 7) . 35 S-GH migrated more rapidly and less evenly in nonreducing gels than reducing gels, but the recovery of 35 S-GH in nonreducing gels compared with reducing gels at the position to which the monomer migrates was the same for mutant and wild-type hormone. The other bands that appear on the gel are nonspecific bands that are found in untransfected cells (Fig. 7) and when normal rabbit serum is used instead of antiserum against human GH (not shown).
A second indication that R183H-GH has not formed intermolecular disulfide bonds is that the ratio of biological activity to immunoreactivity activity of the hormone after secretion into the medium is the same for mutant and wildtype hormone (Table 1 ). The ratio is important as bioactivity considered alone does not account for differences in amounts secreted. The transfection experiment assayed in Table 1 was an early experiment in which there was less R183H-GH secreted than wild-type GH, but in the later pulse-chase experiments, similar amounts were secreted when transfections in the same experiments were compared, as described above.
Discussion
Human GH is a relatively small (22 kDa), soluble, monomeric protein, and the only processing that occurs to it 35 S-amino acids for 10 min, and then for 120 min without 35 S-amino acids. At that time, the medium was replaced with fresh medium with (ϩ) or without (Ϫ) 1 mM BaCl 2 , and the cells incubated for 30 min more. The data are the amount of 35 S-GH that accumulated in the medium during the final 30-min incubation as a percent of total 35 S-GH present in the cultures at that time. Right panel, Release after 6 h. Cells transfected with 5 g plasmid with wild-type GH or R183H-GH or 2.5 g plasmid with wild-type and 2.5 g plasmid with R183H-GH, and incubated with 35 S-amino acids for 4 h, and then for 120 min without 35 S-amino acids. At that time, the medium was replaced with fresh medium with (ϩ) or without (Ϫ) 1 mM BaCl 2 , and the cells incubated for 30 min more. The data are the amount of 35 S-GH that accumulated in the medium during the final 30-min incubation as a percent of total 35 S-GH present in the cultures at that time. *, P Ͻ 0.05 compared with stimulated release of wild-type GH.
FIG. 7. Migration of
35 S-GH in gels under reducing and nonreducing conditions. Transfected AtT20 cells were incubated with 35 S-amino acids for 10 min and then for 40 min without 35 S-amino acids, at which time cells (C) and medium (M) were collected and immunoprecipitation performed followed by electrophoresis with 10% ␤-mercaptoethanol and 200 mM dithiothreitol (reducing) or without reductants (nonreducing). N, Not transfected; wt, transfected with wild-type GH; R183H, transfected with R183H-GH. The position to which monomeric GH migrates is indicated by GH; the estimated position of the GH dimer indicated by D.
is cleavage of the 26-amino-acid leader sequence that is necessary for transport into the endoplasmic reticulum. Mature GH is a 4 ␣-helix bundle with 2 intramolecular disulfide bridges. It is interesting that mutations in this relatively simple protein have been found that cause autosomal dominant isolated GH deficiency. In most affected families, these mutations are in the donor splice site of intron 3 of the GH GH1 gene, and they result in misspliced mRNA, so that GH produced from this message lacks amino acids 32-71 (del32-71-GH) (15, (27) (28) (29) (30) (31) (32) (33) . Coexpression of this mutant with wild-type GH in transiently transfected neuroendocrine cell lines results in posttranslation suppression of GH production (17, 34) . The occurrence of this effect in the pituitary gland of affected individuals would contribute to the GH deficiency, although other mechanisms may also be involved (17) .
In four unrelated families, a simpler mutation, in which a single base change of G to A replaces arginine at position 183 with histidine, also causes autosomal dominant isolated GH deficiency (14) . Arginine 183 is adjacent to cysteine 182 in human GH, and this cysteine forms a disulfide bond with cysteine 189 in the properly folded wild-type protein (35) . The cysteine is present in all GHs and PRLs, and arginine 183 is widely conserved in both hormones. A reasonable hypothesis for an effect of the conservative substitution of a histidine for this arginine would be that the bulkier histidine interferes with proper formation of the disulfide bond between residues 182 and 189, but we found no evidence for abnormal folding of R183H-GH. R183H-GH was stable for at least 2 h; proteins that misfold are frequently degraded rapidly in the endoplasmic reticulum (36, 37) . R183H-GH also formed aggregates after synthesis with the same time course and susceptibility to temperature as wild-type GH, with no evidence for intermolecular disulfide bonds. Finally, R183H-GH secreted from transfected cells had the same biological activity to immunoreactivity ratio as wild-type hormone. Arginine 183 is part of binding site 1 of GH to its receptor and affects the on rate of binding (38) , but the bioactivity of R183H-GH is consistent with the clinical evidence that this mutation causes GH deficiency rather than secretion of inactive forms (14, 16, 39) .
Wild-type and R183H-GH are in vector constructions with the same sequences except for the single base change that changes arginine to histidine, so it is unlikely that mRNAs for each protein are transported to different regions of the cells, and therefore the translated products should be subjected to the same environmental influences. Both wild-type and R183H-GH aggregate after transport from the endoplasmic reticulum, based on temperature sensitivity, and are packaged into secretory granules, based on localization by immunocytochemistry and the ability to stimulate release by barium chloride, but aggregates of R183H-GH are retained longer than those of wildtype hormone, and stimulated release of mutant hormone that has been retained in the cells for several hours, either alone or in a mixture with wild-type hormone, is reduced.
Work by Deladoey et al. (16) indicated granules containing a mixture of wild-type and mutant hormone were not released normally; a single clone of AtT20 cells stably expressing HA-tagged wild-type and myc-tagged R183H-GH did not release the hormones when stimulated as well as a clone expressing either alone. This finding is consistent with the content of granules affecting their function, although it differs somewhat from our findings in that they found stimulated release of only the mixture was impaired, whereas stimulated release of the mutant alone was not reduced. The combination of tags may have had effects in addition to the single amino acid mutation that account for differences with the untagged proteins we used.
The increased retention and reduction of release we observed in the AtT20 cell model may not alone be sufficient to account for the observed GH deficiency in affected individuals. The effects might be more evident in normal human somatotrophs, in which there may be less spontaneous release of newly synthesized hormone. The prolonged retention and reduced release of R183H-GH, however, is interesting in itself in relation to secretory granule formation, for it suggests that the content of granules affects their function.
There are two other examples of cargo influencing granule behavior. Firstly, in bag cells of Aplysia californica, the precursor form of egg-laying hormone is cleaved in the trans-Golgi lumen into a C-terminal and an N-terminal portion that form separate distinct aggregates in the lumen of the trans-Golgi before secretory granules form (40) . Two types of secretory granules form, containing primarily N-terminal or C-terminal portions, and the two types are transported to separate processes in the bag cell (41) . Secondly, in atrial myocytes, mutations in the N-terminal portion of proatrial natriuretic peptide change the shape of secretory granules and their ability to dock at the plasma membrane (42) . These examples of content influencing secretory granule behavior support the view that the longer retention of rat PRL than rat GH in GH4C1 cells (19) , and other cases where two secretory granule proteins expressed in the same cells behave differently (26, 43, 44) , may be a result of granule cargo affecting its secretory behavior. A possible mechanism for this influence may be that efficiency of recognition of a surface motif on the hormone aggregates influences the rate of accumulation of membrane proteins necessary for granule function, hence affecting the rate of filling and release of the secretory stores. One sample each of medium from GH 4 C 1 cells transfected with wild-type or R183H-GH were assayed. Bioactivity in the Baf B2B2 line and immunoreactivity measured by RIA were assessed in a sample of medium from GH 4 C 1 cells transfected for 24 h with wild-type or R183H-GH. The results are the mean Ϯ SEM of determinations from four assays.
